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Composite  electrodes  of  reassembled  titanate  and  two  kinds  of  carbon  fibers  were  prepared  and  their 
high-rate  electrode  properties  were  examined.  Multi-walled  carbon  nanotubes  (MWNT)  and  vapor- 
grown  carbon  fibers  (VGCF)  were  used  for  preparing  the  composites.  The  electronic  conductivity  of 
the  MWNT  composites  increased  with  increasing  contents  of  MWNT  and  exhibited  a  typical  insulator- 
conductor  transition.  The  MWNT  composite  with  a  MWNT  content  of  50wt.%  showed  a  capacity  of 
150±  5  mAh  (g  titanate)-1  at  a  discharge  rate  of  0.67  C,  and  did  not  show  a  good  high-rate  capability 
due  to  the  large  content  of  hydrated  water.  The  effect  of  the  porous  structure  of  the  electrodes  was 
revealed  in  the  high-rate  electrode  properties  of  the  microstructurally  controlled  composites  with  both 
MWNT  and  VGCF.  The  composites  with  50  wt.%  VGCF  and  10  wt.%  MWNT  showed  a  reversible  capacity 
of  approximately  160  mAh  (g  titanate)-1  at  a  discharge  rate  of  0.63  C  and  almost  no  capacity  fading  at 
relatively  large  discharge  rate  up  to  19  C.  A  composite  electrode  with  excellent  high-rate  capability  was 
obtained  by  the  microstructural  control  with  carbon  fibers. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

There  is  a  strong  industrial  demand  for  high  power-capable 
power  sources  for  electric/hybrid  vehicles.  Today  most  portable 
electronic  devices  are  powered  by  lithium  ion  secondary  batter¬ 
ies  (LIBs)  with  high  energy  density  and  good  cycleability.  LIBs  are 
also  attractive  energy  storage  devices  for  high  power  applications 
[1].  However,  there  are  hurdles  for  most  of  electrode  materials  of 
LIBs  in  high  power  uses.  The  diffusion  of  lithium  ion  in  the  solid 
phase  is  rather  slow  (e.g.,  the  diffusion  coefficients  of  lithium  ion 
in  most  intercalation  host  materials  are  in  the  range  of  10~9  to 
10-13  cm2  s-1 ),  and  the  electronic  conductivity  of  lithium  interca¬ 
lation  host  materials  is  usually  too  low  to  sustain  a  large  current. 

In  most  cases  for  lithium  ion  secondary  batteries,  the  lithium 
intercalation  capacities  at  a  relatively  large  current  density  oper¬ 
ation  are  limited  by  the  slow  diffusion  of  lithium  ion  in  the  solid 
phase.  Decreasing  the  particle  size  of  the  cathode  material  is  a 
common  way  to  reduce  the  capacity  fading  during  large  current 
operation  [2,3  ].  However,  decreasing  the  particle  size  of  the  cathode 
material  leads  to  another  problem  concerning  the  cycling  durabil¬ 
ity.  It  is  well  known  that  the  contact  resistance  between  the  cathode 


*  Corresponding  author  at:  Miyayama  Lab.,  Research  Center  for  Advanced  Science 
and  Technology,  The  University  of  Tokyo,  4-6-1  Komaba,  Meguro-ku,  Tokyo 
153-8904,  Japan.  Tel.:  +81  3  5452  5082;  fax:  +81  3  5452  5083. 

E-mail  address:  sin@crm.rcast.u-tokyo.ac.jp  (S.  Suzuki). 

0378-7753 /$  -  see  front  matter  ©  2010  Elsevier  B.V.  All  rights  reserved, 
doi:  1 0.1 01 6/j.jpowsour.201 0.09.062 


materials  and  the  carbon  powder  as  conducting  additives  must 
remain  as  small  as  possible  in  order  to  obtain  good  cycling  durabil¬ 
ity.  As  the  particle  size  becomes  smaller  and  equivalent  to  that  of 
the  carbon  powder,  the  mixture  of  the  two  becomes  less  homoge¬ 
neous  and  it  is  difficult  to  obtain  good  electronic  contact.  Chen  et 
al.  reported  that  the  contact  resistance  of  the  cathode  with  LiCo02 
at  a  size  below  lOOnm  was  much  larger  than  that  with  commer¬ 
cial  LiCo02  [4].  As  a  result,  as  the  particle  size  becomes  smaller,  the 
rate  of  capacity  fade  during  the  cycling  operation  becomes  faster. 
The  homogeneous  mixing  of  nanometer-size  cathode  materials  and 
carbon  powder  is  a  significant  problem  for  large  current  density 
operation,  in  other  words,  high-rate  operation. 

To  preserve  the  benefits  of  electrochemistry  of  nanoscale  mate¬ 
rials,  and  to  achieve  high-rate  capabilities,  various  microstructural 
controls  have  been  reported.  A  recent  example  is  the  Fe304 
nanoparticles  deposited  on  Cu  nanorods  grown  onto  the  cur¬ 
rent  collector  reported  by  Taberna  et  al.  [5].  The  electrons  are 
supplied  from  Cu  nanorods  to  all  Fe304  nanoparticles.  The  open¬ 
ness  of  the  basic  nanostructure  of  Cu  nanorods  facilitates  the 
access  of  ion-conducting  liquid  electrolyte  to  the  whole  surface  of 
Fe304  nanoparticles.  A  perfect  supply  of  electrons  and  ions  to  the 
nanoparticles  enables  the  extremely  high  rate  of  the  reactions. 

Recently,  nanosheets  have  been  synthesized  as  a  new  class  of 
nanoscale  materials  by  disintegrating  a  layered  compound  into  a 
single  layer  or  several  layers  [6,7].  These  unilamellar  or  multil- 
ameller  crystallites  have  a  thickness  on  the  order  of  nanometers, 
with  lateral  dimensions  of  submicro-  to  micrometers.  Nanosheets 
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Fig.  1.  SEM  images  for  (a)  cut  MWNT,  (b)  RTiNS/MWNT(5),  (c)  RTiNS/MWNT(20),  and  (d)  RTiNS/MWNT(50). 


are  thus  crystallites  with  an  attractive  potential  for  use  as  a  com¬ 
ponent  of  microstructurally  controlled  lithium  intercalation  host 
materials,  since  nanosheets  are  obtained  as  a  colloidal  suspension 
to  which  a  variety  of  sol-gel  processing  methods  can  be  applied 
[8,9]. 

We  previously  reported  the  synthesis  and  high-rate  electrode 
properties  of  a  titanate  nanosheet  composite  with  vapor-grown 
carbon  fibers  [10].  The  composite  with  vapor-grown  carbon  fibers 
exhibited  a  relatively  large  capacity  of  135  mAhg-1  at  a  large  dis¬ 
charge  rate  of  53  C,  which  corresponds  to  about  70%  of  the  discharge 
capacity  at  a  relatively  small  current  discharge  rate  of  0.53  C.  The 
composites  with  carbon  fibers  exhibited  a  good  performance  as 
high-rate  lithium  insertion  electrodes.  Increased  high-rate  capa¬ 
bility  is  expected  by  further  microstructural  controls. 

In  the  present  study,  microstructural  control  of  the  electrodes 
using  nanosheets  as  building  blocks  was  attempted  by  mixing 
titanate  nanosheets,  carbon  nanotubes,  and  vapor-grown  carbon 
fibers.  The  effect  of  the  microstructure  on  the  high-rate  capability 
was  investigated. 

2.  Experimental 

A  fibrous  tetratitanate  H2Ti409  1.9H20  (Otsuka  Chemical  Co., 
Tokushima,  Japan)  was  used  as  the  starting  material.  A  weighed 
amount  (1.0  g)  of  a  fibrous  tetratitanate  powder  was  stirred  in 
200  cm3  of  aqueous  solution  of  tetrabutylammonium  hydroxide 
for  10  days  at  room  temperature,  resulting  in  the  exfoliation  of 
tetratitanate  [11].  A  twofold  molar  amount  of  tetrabutylammo¬ 
nium  hydroxide  to  tetratitanate  was  used  in  the  reaction.  Relatively 
large  particles  were  centrifugally  separated  at  2000  rpm.  The  super¬ 
natant  was  used  for  preparing  the  composites. 

The  bundles  of  multi-walled  carbon  nanotubes  (Aldrich,  Mil¬ 
waukee,  WI),  denoted  as  MWNT  hereafter,  were  separated  and  the 
individual  MWNT  was  cut  using  the  process  reported  by  Liu  et  al. 
[12].  In  brief,  the  raw  MWNT  were  suspended  in  a  3:1  mixture  of 
concentrated  H2S04/HN03  and  sonicated  in  a  water  bath  for  24  h, 
then  stirred  in  a  4:1  mixture  of  concentrated  H2S04  and  30%  aque¬ 
ous  solution  of  H202  for  30  min.  VGCF  (Showa  Denko,  Tokyo,  Japan) 
with  10  |xm  length  and  150nm  diameter  was  used  as  received. 


The  cut  MWNT  and  VGCF  were  dispersed  in  a  colloidal  sus¬ 
pension  of  tetratitanate  nanosheets  with  various  weight  ratios 
with  no  surfactant.  The  obtained  dispersions  were  reacted  with 
0.1  mol  dm-3  HC1  for  the  reassembly  of  nanosheets,  and  the  precip¬ 
itates  were  collected  on  a  filter  with  pores  of  1 00  nm  in  size,  washed 
with  distilled  water,  and  dried  at  ambient  temperature.  The  precip¬ 
itates  were  heated  at  200  °C  for  2  h  to  convert  the  tetratitanate  into 
octatitanate  [10,13,14]. 

The  morphologies  and  the  textures  of  the  obtained  compos¬ 
ites  were  observed  by  scanning  electron  microscopy  (SEM)  on  an 
S-4500  (Hitachi,  Tokyo,  Japan).  The  microstructure  of  the  com¬ 
posite  was  characterized  by  mercury  porosimetry  on  a  Pore  Sizer 
9320  (Micromeritics,  Norcross,  GA)  and  by  N2  adsorption  mea¬ 
surement  on  a  Tristar  3000  (Micromeritics).  The  weight  ratio  of 
the  titanate  in  the  composites  and  the  amount  of  hydrated  water 
in  the  titanate  were  determined  by  thermal  gravimetry  (TG)  on 
a  TG8120  (Rigaku,  Tokyo,  Japan)  and  inductively  coupled  plasma 
(ICP)  spectroscopy  using  an  SPS4000  (Seiko  Instruments,  Tokyo, 
Japan). 

The  samples  for  electric  and  electrochemical  measurements 
were  fabricated  by  pressing  a  mixture  of  90  wt.%  obtained  compos¬ 
ites  and  1 0  wt.%  binder  (PTFE;  DuPont)  at  1 00  MPa.  The  disk-shaped 
samples  of  10  mm  in  diameter  and  approximately  1  mm  in  thick¬ 
ness  were  prepared  for  the  tests  of  electronic  conductivity.  The 
electronic  conductivity  was  measured  by  DC  using  the  two-point 
probe  method. 

The  electrodes  for  electrochemical  measurements  of  approxi¬ 
mately  0.15  mm  thickness  were  prepared  by  pressing  the  mixture 
with  10  wt.%  PTFE  binder  onto  Ni  mesh.  The  tap-density  for 
the  electrodes  was  approximately  1.3 gem-3.  The  mass  of  the 
composite  was  20  mg  cm-2.  Electrochemical  measurements  were 
performed  using  a  three-electrode  cell  with  lithium  strips  as  the 
reference  and  counter  electrodes,  and  the  prepared  electrode  as 
a  working  electrode.  The  electrolyte  solution  was  1  mol  dm-3 
lithium  perchlorate  in  propylene  carbonate  (Kishida  Chemical 
Co.,  Osaka,  Japan).  Galvanostatic  discharge/charge  tests  were  car¬ 
ried  out  in  the  voltage  range  from  1.2  V  to  3.6  V  (vs.  Li/Li+) 
on  a  HAG-5001  potentiostat/galvanostat  (Hokuto  Denko,  Tokyo, 
Japan). 
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Fig.  2.  Nitrogen  adsorption/desorption  isotherms  for  RTiNS/MWNT(50),  RTiNS,  and 
MWNT.  The  closed  and  open  marks  indicate  adsorption  and  desorption  isotherms, 
respectively. 


3.  Results  and  discussion 

The  size  of  tetratitanate  nanosheets  used  for  the  preparation  of 
the  composite  was  as  follows:  length  ~1  ptm,  width  1 00-300  nm, 
thickness  1 .8  nm  [10].  The  composites  with  MWNT  and  VGCF  were 
denoted  as  RTiNS/MWNT(x)  and  RTiNS/VGCF(x)  with  the  content 
of  carbon  fibers  x/wt.%  in  parenthesis.  A  powder  prepared  by  a 
reassembly  of  tetratitanate  nanosheets  and  subsequent  heat  treat¬ 
ment  was  denoted  as  RTiNS. 


Fig.  3.  Electronic  conductivities  of  RTiNS/MWNT(x)  as  a  function  of  the  content  of 
MWNT,  x. 


tronic  conductivity  for  RTiNS/MWNT(50)  was  8.5  x  10-2  Scm-1, 
and  was  sufficient  to  sustain  a  large  current  under  high-rate  oper¬ 
ation. 


3.1.  Electronic  conductivity  of  the  composites  with  MWNT 

Fig.  1(a)  shows  a  SEM  image  for  the  cut  MWNT.  MWNT  of  20  nm 
in  diameter  was  observed.  Fig.  l(b)-(d)  shows  SEM  images  for  the 
composites  with  various  contents  of  MWNT.  MWNT  was  clearly 
observed  only  in  RTiNS/MWNT(50)  among  the  composites.  Other 
composites  had  a  rough  texture.  The  rough  texture  of  the  compos¬ 
ites  seemed  to  have  been  caused  by  the  existence  of  MWNT. 

Fig.  2  shows  nitrogen  adsorption/desorption  isotherms 
for  RTiNS/MWNT(50),  RTiNS,  and  MWNT.  An  isotherm  of 
RTiNS/MWNT(50)  exhibited  a  strong  hysteresis  loop  in  the 
pip0  region  from  0.45  to  0.95,  and  isotherms  of  RTiNS  and 
MWNT  did  not  show  such  a  strong  hysteresis  loop.  This  hys¬ 
teresis  indicates  the  formation  of  pore  of  3-8  nm  in  diameter 
in  RTiNS/MWNT(50)  by  mixing  of  nanosheets  and  MWNT.  BET 
surface  areas  of  RTiNS/MWNT(50),  RTiNS,  and  MWNT  were  110, 
100,  and  60m2  g-1,  respectively.  RTiNS/MWNT(50)  showed  a 
larger  surface  area  than  RTiNS  and  MWNT.  The  SEM  observation 
and  N2  adsorption  measurement  indicate  that  MWNT  locally 
prevents  nanosheets  from  stacking.  The  pore  in  RTiNS/MWNT(50) 
is  probably  formed  beside  MWNT  which  was  interposed  between 
nanosheets.  These  results  suggest  that  fine  and  homogeneous 
composites  were  obtained  by  a  reassembly  of  the  homoge¬ 
neous  mixture  of  dispersed  MWNT  in  a  colloidal  suspension  of 
nanosheets.  It  is  reported  that  interaction  between  MWNT  and 
Ti02  was  promoted  by  surface  oxidation  of  MWNT  [15].  This  inter¬ 
action  is  expected  between  titanate  nanosheets  and  cut  MWNT 
because  MWNT  was  cut  by  the  reaction  with  oxidative  mixed  acid, 
and  would  contribute  to  form  homogeneous  composite. 

Fig.  3  shows  the  electronic  conductivity  of  RTiNS/MWNT(x) 
with  various  contents  of  MWNT.  The  electronic  conductivity  of 
the  composites  increased  with  increasing  contents  of  MWNT  and 
exhibited  a  typical  insulator-conductor  transition.  The  percolation 
threshold  existed  between  2  and  5wt.%.  This  small  value  of  the 
percolation  threshold  was  attributed  to  the  enormous  aspect  ratio 
of  MWNT  [16].  The  percolation  threshold  was  reported  between  1 
and  2  wt.%  for  the  composite  of  Ti02  nanoparticles  and  MWNT  [15]. 
The  observed  value  was  slightly  larger  than  the  reported  value.  This 
would  be  due  to  the  microstructure  of  RTiNS/MWNT(x)  shown  in 
Fig.  1  where  MWNT  was  interposed  between  nanosheets.  The  elec- 


3.2.  High-rate  electrode  properties  of  the  composites  with  50  wt.% 
carbon  fibers 

We  demonstrated  in  the  former  section  that  a  homoge¬ 
neous  composite  of  nanosheets  and  MWNT  can  be  obtained,  and 
RTiNS/MWNT(50)  showed  sufficiently  high  electronic  conductiv¬ 
ity  to  sustain  large  current  density  under  high-rate  operation.  Good 
high-rate  capability  is  expected  for  RTiNS/MWNT(50).  In  addition, 
we  previously  reported  an  excellent  high-rate  capability  of  titanate 
nanosheets  composites  with  VGCF  [10].  RTiNS/VGCF(50)  was  an 
inhomogeneous  mixture,  that  is,  a  mixture  of  VGCF  and  lumps 
of  reassembled  titanate  with  a  size  of  2-3  p>m.  Increased  high- 
rate  capability  is  expected  by  addition  of  electronic  conductivity 
to  these  lumps  of  reassembled  titanate  by  homogeneous  mixing  of 
MWNT.  In  this  section,  two  MWNT  composites  RTiNS/MWNT50) 
and  RTiNS/VGCF(40)  +  MWNT(10)  were  prepared  and  their  high- 
rate  electrode  properties  were  examined. 

Fig.  4  shows  an  SEM  image  of  RTiNS/VGCF(40)  +  MWNT(10). 
VGCF  and  lumps  of  reassembled  titanate  with  a  size  of  2-3  p,m 
were  observed.  MWNT  were  not  clearly  observed,  indicat¬ 
ing  that  the  homogenous  composite  of  reassembled  titanate 
and  MWNT  was  obtained  as  described  in  the  former  sec- 


Fig.  4.  SEM  image  for  RTiNS/VGCF(40)  +  MWNT(10). 
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Fig.  5.  Cycling  performance  for  RTiNS/MWNT(50)  and 
RTiNS/VGCF(40)  +  MWNT(10)  at  constant  discharge/charge  rates  of  0.67C  and 
0.61  C,  respectively  (lOOrnAg-1).  The  coulombic  efficiency  for  RTiNS/MWNT(50)  is 
also  shown. 


tion.  Consequently,  RTiNS/VGCF(40)  +  MWNT(10)  had  the  expected 
microstructure. 

Fig.  5  shows  the  cycling  performance  for  RTiNS/MWNT(50) 
and  RTiNS/VGCF(40)  +  MWNT(10)  in  comparison  with  that  of 
RTiNS/VGCF(50).  The  discharge  and  charge  capacities  are  normal¬ 
ized  by  the  weight  of  reassembled  titanate.  RTiNS/MWNT(50)  and 
RTiNS/VGCF(40)  +  MWNT(  1 0)  exhibited  relatively  large  irreversible 
capacities  in  the  first  several  cycles.  This  irreversible  capacity  is  a 
feature  of  reassembled  titanate,  as  we  previously  reported  [14,17]. 
The  irreversible  capacity  decreased  with  the  discharge/charge 
cycles,  and  RTiNS/MWNT(50)  and  RTiNS/VGCF(40)  +  MWNT(10) 
exhibited  a  reversible  capacity  of  150  ±5  and  165±5mAhg_1, 
respectively,  and  a  coulombic  efficiency  up  to  97%  at  the  10th 
cycle.  The  capacity  values  indicated  hereafter  are  those  obtained 
after  the  10th  cycle.  The  capacities  (sum  of  double  layer  capac¬ 
itance  and  faradaic  pseudocapacitance)  of  VGCF  and  MWNT 
were  3  and  15mAhg_1,  respectively.  Consequently,  the  capacity 
of  RTiNS/MWNT(50)  includes  the  capacity  of  up  to  15mAhg_1 
which  is  caused  by  MWNT.  The  composite  with  MWNT  showed 
smaller  capacity  than  the  reassembled  titanate  (170mAhg_1)  [9] 
or  the  composite  with  VGCF  (190mAhg_1)  [10].  The  reassembled 
titanates  have  hydrated  water  molecules  between  the  oxide  layers. 
The  chemical  formula  of  reassembled  titanates  in  the  composite 
was  determined  by  thermogravimetry,  and  those  of  reassem¬ 
bled  octatitanate,  RTiNS/VGCF(50),  RTiNS/VGCF(40)  +  MWNT(10) 
and  RTiNS/MWNT(50)  were  H2Ti8O17.0.43H2O,  H2Ti8017.l.lH20, 
H2Ti8O17-2.0H2O  and  H2Ti8017-3.6H20  (or  H2Ti409  1.3H20), 
respectively.  A  relatively  large  amount  of  hydrated  water  in 
MWNT  composites  is  responsible  for  the  small  capacity,  since 
the  capacity  is  normalized  by  the  weight  of  titanate  including 
hydrated  water.  The  transformation  reaction  from  layer-structured 
tetratitanate  to  tunnel-structured  octatitanate  is  accompanied 
by  dehydration  of  water  molecules  between  the  oxide  lay¬ 
ers.  MWNT  interposed  between  nanosheets  locally  prevents 
oxide  layers  from  stacking  and  transforming  of  tetratitanate  into 
octatitanate. 

Fig.  6(a)  shows  the  discharge  curves  for  RTiNS/MWNT(50) 
measured  at  various  current  densities.  The  discharge  capacity  grad¬ 
ually  decreased  with  increasing  current  density.  RTiNS/MWNT(50) 
exhibited  a  discharge  capacity  of  80mAhg_1  at  a  discharge  rate 
of  3.3  C.  RTiNS/MWNT(50)  did  not  show  a  good  high-rate  capabil¬ 
ity.  In  our  previous  study,  an  octatitanate  with  a  small  amount  of 
hydrated  water  exhibited  a  larger  capacity  than  that  with  a  rela¬ 
tively  large  amount  of  hydrated  water  at  a  large  current  operation 
[18].  The  capacity  fading  for  RTiNS/MWNT(50)  at  a  large  current 
operation  is  due  to  the  relatively  large  amount  of  hydrated  water 
contained  in  the  reassembled  titanate. 


Fig.  6.  Discharge  curves  for  (a)  RTiNS/MWNT(50)  and  (b) 
RTiNS/VGCF(40)  +  MWNT(10)  measured  at  various  current  densities. 


Fig.  6(b)  shows  the  discharge  curves  for  RTiNS/VGCF(40) 
+  MWNT(10)  measured  at  various  current  densities.  Almost  con¬ 
stant  discharge  capacities  of  approximately  165mAhg_1  were 
observed  at  a  discharge  rate  less  than  6.1  C,  and  a  capacity  of 
115mAhg_1  was  exhibited  at  a  relatively  large  discharge  rate 
of  6.1  C.  We  reported  previously  that  RTiNS/VGCF(50)  showed  a 
large  capacity  of  165  mAh g-1  at  a  discharge  rate  of  5.3  C  [5]. 
RTiNS/VGCF(40)  +  MWNT(10)  showed  a  better  rate  capability  than 
RTiNS/MWNT(50),  but  an  inferior  rate  capability  compared  to 
RTiNS/VGCF(50).  The  inferior  rate  capability  was  clearly  due  to 
the  potential  drop,  and  potential  drop  is  usually  caused  by  an 
insufficient  electronic  conductivity.  The  electronic  conductivity  of 
RTiNS/VGCF(40)  +  MWNT(  1 0)  was  9.6  x  10"2  Scirr1,  as  measured 
by  DC.  The  ohmic  drop  at  a  discharge  rate  of  6.1  C  based  on  the  elec¬ 
tronic  conductivity  was  estimated  to  be  3  mV.  Consequently,  the 
potential  drop  was  not  mainly  caused  by  electronic  conductivity.  To 
clarify  the  reason  for  the  potential  drop,  the  pore  size  distribution 
for  RTiNS/VGCF(40)  +  MWNT(  1 0)  was  measured,  and  the  results  are 
shown  in  Fig.  7  in  comparison  with  those  for  RTiNS/VGCF(50).  The 
pore  size  distribution  for  RTiNS/VGCF(40)  +  MWNT(10)  showed  a 
maximum  value  around  a  pore  diameter  of  150nm,  and  it  was 
smaller  than  that  of  RTiNS/VGCF(50).  In  the  composite  with  VGCF, 
the  lamps  of  reassembled  titanate  partially  occupied  the  space 
among  VGCF.  RTiNS/VGCF(40)  +  MWNT(  10)  showed  a  smaller  pore 
size  and  pore  volume  than  RTiNS/VGCF(50)  due  to  the  relatively 
small  content  of  the  VGCF  generating  the  pores.  When  these  com¬ 
posites  are  used  as  electrodes,  electrolyte  solution  penetrates  into 
the  pores  through  the  electrodes.  The  pores  work  as  fast  lithium  ion 
transportation  paths  with  the  help  of  electrolyte  solution  [5,19,20]. 
The  inferior  high-rate  capability  of  RTiNS/VGCF(40)  +  MWNT(10) 
compared  to  RTiNS/VGCF(50)  would  have  been  caused  by  insuffi- 
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Fig.  7.  Pore  size  distribution  for  RTiNS/VGCF(40)  +  MWNT(10)  in  comparison  with 
that  of  RTiNS/VGCF(50). 


C-rate 

Fig.  8.  Specific  capacities  of  the  nanosheet  composites  with  various  carbon  fiber 
contents  as  a  function  of  discharge  rate. 

cient  lithium  transportation  through  the  electrode  due  to  the  small 
pore  size  and  pore  volume  in  the  composite. 

3.3.  High-rate  composite  electrode  with  two  kinds  of  carbon  fibers 

Increased  high-rate  capability  is  expected  by  simultaneous 
achievement  of  both  of  the  following:  (i)  addition  of  elec¬ 
tronic  conductivity  to  these  lumps  of  reassembled  titanate  by 
homogeneous  mixing  of  MWNT;  and  (ii)  retention  of  a  porous 
structure  with  relatively  large  pore  size  and  pore  volume  by 
the  mixing  with  VGCF.  Therefore,  we  prepared  RTiNS/VGCF(50) 
+  MWNT(10)  and  examined  its  high-rate  electrode  property. 
We  also  prepared  RTiNS/VGCF(60)  and  its  high-rate  elec¬ 
trode  property  were  compared  with  RTiNS/VGCF(50)  +  MWNT(  1 0). 
RTiNS/VGCF(50)  +  MWNT(10)  showed  a  reversible  capacity  of 
approximately  1 60  mAh  g-1  at  a  discharge  rate  of  0.63  C  at  the  1 0th 
cycle.  Discharge/charge  tests  were  conducted  at  various  current 
densities,  and  the  relationship  between  the  capacity  and  current 
density  is  shown  in  Fig.  8.  Fig.  8  also  shows  the  relationship  for 
RTiNS/VGCF(60),  RTiNS/MWNT(50),  RTiNS/VGCF(40)  +  MWNT(10) 
and  RTiNS/VGCF(50).  RTiNS/VGCF(50)  +  MWNT(10)  showed  almost 
no  capacity  fading  at  a  relatively  large  discharge  rate  up  to  19C. 


RTiNS/VGCF(50)  +  MWNT(10)  showed  excellent  high-rate  capabil¬ 
ity.  Flierarchical  electronic  conduction  by  both  VGCF  and  MWNT 
[21  ],  and  a  porous  structure  with  large  pore  size  and  large  pore  vol¬ 
ume  contributed  to  the  excellent  high-rate  capability.  In  this  study, 
therefore,  we  demonstrated  that  flexibility  of  microstructural  con¬ 
trols  using  nanosheets,  and  composite  electrodes  with  excellent 
high-rate  capability  can  be  obtained  by  the  microstructural  control 
with  carbon  fibers. 

4.  Conclusions 

The  homogeneous  composites  were  obtained  by  a  reassem¬ 
bly  of  the  dispersion  of  MWNT  in  a  colloidal  suspension 
of  nanosheets.  The  electronic  conductivity  of  the  composites 
increased  with  increasing  contents  of  MWNT  and  exhibited  a 
typical  insulator-conductor  transition.  The  percolation  threshold 
existed  between  2  and  5  wt.%.  The  MWNT  composite  with  a  MWNT 
content  of  50  wt.%  showed  a  capacity  of  150±5mAhg_1  at  a  dis¬ 
charge  rate  of  0.67  C,  and  did  not  show  a  good  high-rate  capability 
due  to  the  large  content  of  hydrated  water.  The  composites  with 
50  wt.%  VGCF  and  10  wt.%  MWNT  showed  a  reversible  capacity 
of  approximately  160mAhg_1  at  a  discharge  rate  of  0.63  C  and 
almost  no  capacity  fading  at  relatively  large  discharge  rate  up  to 
19C.  The  porous  structure  of  the  composites  contributed  to  the 
excellent  high-rate  capability,  since  the  pores  work  as  fast  lithium 
ion  transportation  paths  with  the  help  of  the  electrolyte  solution 
penetrated  into  the  pores.  A  composite  electrode  with  excellent 
high-rate  capability  was  obtained  by  the  microstructural  control 
with  carbon  fibers. 
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